Ruthenium-butatrienylidene cations trans-[ CI(L 2 hRu=C=C= C=CH2]+ are key intermediates in the synthesis of the first thioallenylidene complexes trans-[ CI(L 2 hRu=C=C=C(SRlR' J+ (L2 = dppm, R = Et, R' = Me: 3a, L2 = dppm, R = Me, R' = C4H7 : 3b, L2 = dppe, R = C3Ho, R' = C 4 H 7 : 3cl. Spectroscopic and electrochemical data for 3a-c are presented and are compared with those of their aminoallenylidene analogues. Aminoallenylidene complexes are best represented by the iminiumalkynyl resonance form, while a true cumulene
Introduction
Despite considerable progress in the field of higher homologues of carbene complexes, [ 1J as yet no stable mononuclear butatrienylidene complex has been reported . (2) There are, however, a growing number of instances where iron or ruthenium butatrienylidene compounds are invoked as key intermediates. Following Selegue's initial report on the generation of such a species from a coordinated alkynyl ketone, (3) we and others have elaborated a more direct access route starting from substitutionally labile iron or ruthenium precursors [Cp*Fe(dppe)CI), [CpRu(PPh 3 hCl), or cis-[CI 2 Ru(L 2 h ) (L2 = dppm, depe) and butadiyne. The reactivity of the C 4 H 2 ligand is dominated by the alternation of electrophilic and nucleophilic carbon centers and the easy access to the sterically unprotected terminal C=C bond. Apart from remarkable cycloaddition -cycloreversion sequences with aromatic imines, [4J two major reaction types have been identified so far : (i) regioselective addition of protic nucleophiles to the terminal C y =C 8 bond to give methylsubstituted allenylidene complexes, (5) and (ii) regioselective addition of aprotic nucleophiles to the electron-deficient C Y ' C" being sterically protected by the bulky phosphane coligands on ruthenium.[5-7) The initial addition step may be followed by tautomerization,[5a.b J Cope-type rearrangements of quaternary vinylammonium salts resulting from the addition of allylic amines, [6aJ or by a shift of the resonance stabilized ferrocenylmethyl cation to the neighbouring nucleophilic Co to give an aminoallenylidene complex with an appended redox-active substituent. (7) We report herein on the successful synthesis of the first thioallenylidene complexes [{Ru} = C=C=C(SR)R')+ from butatrienylidene intermediates.
description is much more appropriate for thioallenylidene complexes 3a-c. Based on a combination of spectroscopic and electrochemical data, we present evidence that the NMR shifts of the carbon atoms of the unsaturated ligand in these allenylidene complexes are correlated to the HOMO-LUMO gap. In situ EPR-, UV Nis-, and IR-spectro-electrochemistry reveals that the one-electron oxidation occurs at the metal center, while reduction occurs at the carbon-heteroatom terminus.
Results and Discussion
We have successfully employed both fundamental strategies, i.e. the regioselective addition of a protic nucleophile (a thiol) and the addition of aprotic nucleophiles (allylic thioethers) with subsequent [3,3) thio-Claisen rearrangement, to effect the synthesis of trans-[CI(L 2 hRu =C=C= C(SR)R')+ X-(3a-c, L2 = dppm, dppe, X-= SbF 6 -, OTf -, Scheme I), the first examples of thioallenylidene complexes. Their identities have been unequivocally established by spectroscopic means. The trans arrangement of the chloride and allenylidene ligands follows directly from the observation of two ABX 2 X' 2 spin systems for the methylene groups of the dppm ligand and single sharp singlets in the respective 31 P-NMR spectra. Our spectroscopic data place the intense yellow-green (3a,b) or red (3c) thioallenylidene complexes close to "conventional" allenylidene analogues without a heteroatom substituent attached to c. y . This is exemplified by the intense IR stretch of the C=C= C unit, which is found at ca. 1940 cm -I for 3a-c, at 1995 cm -I for aminoallenylidene complexes, [6.7) at 1955 cm -I for alkyloxy-substituted allenylidene complexes, (8) and at ca. 1920 to 1950 cm-I for aryl-or alkyl-substituted allenylidene complexes of the same metal fragment. [91 There is ample precedent that aminoallenylidene complexes are best represented by the iminiumalkynyl resonance form B.[6,IO,II) This is not only evident from the position of the C=C=C stretch in the IR spectrum and the 13C data (vide infra), but also from the two separate resonance signals seen for the identical substituents on the iminium nitrogen atom. High-temperature NMR studies on trans-[CI(dppm)zRu -C;:;C -C(=NMe2)C2H4CH = CH2) + PF G -(4a) and its depe-substituted counterpart 4b reveal that even at 368 K in CD 3 complexes 3a-c are adequately described by the true allenylidene resonance form A.
The I3C-NMR signals of the carbon atoms of the unsaturated ligands in 3a -c are readily discernible and may be assigned by virtue of the P -C coupling constants and the chemical shift values. For other heteroatom-substituted allenylidene complexes, both are known to decrease with increasing distance from the metal center.[S-8] 13C-NMR data for a variety of allenylidene complexes containing the trans-[CIRu(dppmh) + fragment are collected in Table I . The following trends emerge: (i) All three carbon atom signals of the cumulene chain are subject to a progressive downfield shift in the order NR2 < OR < SR < CR 3 . (ii) The innuence
of the heteroatom on the shift values decreases with increasing distance from the metal center, with the substituted c. y being rather insensitive to the nature of the atom ~ttached to it. Thus, the shift differences til) for equivalent carbon atoms in all-carbon and amino-substituted allenylidene complexes, which constitute the two extremes in Table I , amount to ca. 120 ppm for C a , 90 ppm for C p , but less than 20 ppm for CyIt has long been known that the characteristic low-field shifts of metal-bound carbene, vinylidene, and cumulenylidene carbon atoms (and obviously also to a lesser degree of C p ) are induced by the param agnetic term, which itself is related to the HOMO -LUMO gap. [1 2] We observe a clear manifestation of this trend upon comparison of the electrochemical and optical data for the novel thioallenylidene complexes 3a -c and those for our aminoallenylidene cations trans-[CI(dppmhRu -C=C -C(=NMe2)C2H4R) + [R = CH=CH 2 : 4a, R = (11S-CsH4)Fe(11 S-CsHs), Fc: 4c, Table 2 ). [6, 7] All the complexes undergo well-defined oneelectron oxidations and one-electron reductions at potentials that are clearly dependent on the heteroatom attached to c. y ( Table 2) . As is evident from a comparison of the CY traces shown in Figure I , replacing NR2 by SR substituents induces significant cathodic shifts in the oxidation and reduction potentials of 0.3 and 0.8 Y, respectively. As one may infer from these data, the LUMO is preferentially lowered with respect to the HOMO which, of course, reduces the HOMO -LUMO gap. As a consequence, the energies of the intense optical absorptions in the visible part of the spectra decrease considerably in this series. For aminoallenylidene complexes, this band apparently has some metal-to-Iigand charge-transfer (MLCT) character, as indicated by the negative solvatochromism of the order of some 450 to 720 cm -I . In contrast, no such effect is apparent for thioallenylidene complexes 3a-c. Optical transition energies consistently exceed those measured by electrochemical methods. This is due to the vertical excitation involved in the optical transition (Franck -Condon principle) as compared to the "true" energy difference between the vibrationally relaxed ground and excited states determined by electrochemical methods. The energy difference !lEop -!lEec provides a measure of the vibrational excitation associated with the optical transition and therefore of the degree of structural reorganization required upon excitation, and is parameterized as the structural factor !lX (Equation I). [13] Ii (C~) The differences in redox potentials also have a bearing
In our heteroatom-substituted allenylidene complexes of the dppm ligand, !lX amounts to 0.46 to 0.47 eY, indicating a moderate degree of structural rearrangement on going from the ground to the excited states. The fact that other values of !lX are found for complexes with diphosphane chelate ligands other than dppm suggests that the predominant structural change occurs at the metal fragment. Unfortunately, no UVIVis data have been reported for any other allenylidene complexes containing the transon the chemical stabilities of the oxidation and reduction products (see Figure I ). For the aminoallenylidene complexes 4a, c and the depe derivative t/'Clns-[CI(depehRu -C=C-C(=NMe2)C2H4CH = CH2] + (4b), the oxidation process is fully reversible, while for the reduction low temperature and sweep rates of about I VIs are required to allow the observation of an associated return peak. [7] For thioallenylidene complexes 3a -c, on the other hand, just the opposite order of stabilities is observed . This makes the oxidation products of 4a -c and the reduction products of supportive of an assignment to an Ru-based radical, such that the oxidation may be viewed as essentially involving a ruthenium(IIIIII) redox couple. This is also in accord with our observation that fully oxidized lrans-[CI(dppm)zRu -C""'C -C(=NMe2)C2H4Fcj3+ (4c) displays an intense triplet signal at g = 2.0064 arising from coupling of the ferrocinium subunit to a paramagnetic Ru(lII) center, giving too weak a signal to be observed directly. The same conclusion has already been reached from UVIVis and IR spectro-electrochemical studies of this complex. [7J In the frozen state, the reduced form of the thio-substituted allenylidene complex 3b exhibits a broadened isotropic signal at g = 2.0031, i.e. in a region characteristic of organic radicals. On warming to 295 K, the spectrum gradually resolves into a quintet of triplets, which we successfully simulated assuming coupling constants of9.86 and 6.60 Gauss (Figure 2 ). This coupling pattern points to the reduction occurring at the heteroatom-substituted terminus of the allenylidene ligand . The triplet splitting then arises from coupling to the neighbouring methylene group, and the quintet from coupling to the four equivalent phosphorus nuclei across the cumulene bridge. From the resonance form for reduced 3b shown in Figure 2 , one would expect an increase in bond order of the Ca -C p bond from C=C to C""'C upon reduction. On following this process by IR spectro-electrochemistry, the intense allenylidene band does indeed gradually disappear, which is accompanied by the concomitant formation of a new, much weaker feature at 2048 cm -I ( Figure 3 ). The position of this band is characteristic of alkynyl complexes of the lrans-[CI(dppm)zRuj+ fragment.[S] A severe reduction in absorptivity on going from allenylidene to alkynyl [8J and from cationic to neutral complexes[15 J has already been described in the literature. We should state that even in our best runs the reduction was accompanied by some decomposition, as indicated by the fact that only 60% of the initial band intensity was regained upon reoxidation. Nevertheless, we are certain that the observed band at 2048 cm -I originates from the reduced counterpart of 3b since, upon reoxidation, this band gradually disappears while the origina l band is partly restored.
In situ UVIVis spectro-electrochemical experiments require lower concentrations and therefore shorter electrolysis times. Thus, the reductionlreoxidation cycle of 3b proceeded with more than 90% recovery of the starting material. Upon reduction, the intense allenylidene band at A = 465 nm disappears and is replaced by a less intense absorption (log e = 3.980) at ca. 306 nm, a region characteristic for Ru(II)--alkynyl complexes (Figure 4) . We have observed bands with similar positions and intensities for the related anmlOniobutenynyl complexes trans-[CIRu(dppm)z -C""'C -C-(NR 2 R')=CH 2 j+ that result from the trapping of butatrienylidene complexes with tertiary aliphatic or benzylic amines. [6b] Furthermore, the n-11:* type transition originating from the dppm ligand is shifted from 271 nm to 263 nm while largely retaining its absorptivity. All this points to reduction of thioallenylidene complexes 3a-c occurring at the C-heteroatom terminus of the unsaturated ligand, with accompanying changes in the CCC bonding mode. In summary, we have described the first thio-substituted aJlenylidene complexes. They are formed by the trapping of Ru-butatrienylidene intermediates by thiols or aJlylic thioethers. This provides a further example of the utilization of such intermediates in the synthesis of highly unsaturated and functionalized , yet stable liga nds. A comparison of the optical, 13C-NMR, and electrochemical data of a series of aJlenylidene complexes provides a rationale for the observed trend in the 13C-NMR shifts (NR2 < OR < SR < CR 3 ) as arising from the decreasing HOMO -LUMO gap within this series. In situ spectro-electrochemical investigations of the oxidized forms of amino-substituted complexes 4b, c and the red uced form of the thioaJlenyJidene complex 3b have aJlowed identification of the oxidation and reduction sites within these complexes. Oxidation occurs at the metal center, while the reduction occurs at the C-heteroatom terminus and thus at the opposite end of the cumulenic chain. Our findings are in fuJI agreement with EHMO calculations on the cationic aJlenyJidene complexes [11 5-C5H5Ru -(CO)(PH 3 )=C=C=CH 2 1+ 11 6"J and [11 5-C9H7Ru(PH3h= C=C=CH 2 1+. [1 6bJ Both indicate that the HOMO is dominated by contributions from the Ru d-orbitals, while the LUMO is mainly localized on the unsaturated ligand. We now aim to extend our investigations to differently substituted aJlenylidene complexes in order to probe the general validity of our conclusions.
Experimental Section
All manipulations were performed by standard Schlenk techniq ues under argon atmosphere. Dichloromethane, hexanes, and acetonitrile were dried by distillation from CaH 2 . All solvents were deoxygenated either by at least three freeze-pump-thaw cycles or by saturating with argon prior to use. 46 mm ol) ofNaSbF 6 in 40 mL ofCH 2 Ci2> excess butadiyne (ca. 600 ~IL) was added by syringe. After the colour of the suspension had changed to green, 160 ilL (2. 16 mmol) of EtSH was added by syringe. The resulting solution was stirred under ambient conditions for 23 h, then filtered, and concentrated to dryness. The residue was thoroughly wa shed with hexa nes. The crude product was then red issolved in chloroform and this solution was stirred at 50°C fo r 3 days. After evaporation of the solvent, the crude material was chromatographed on silica gel (4% H 2 0 , column 14 x 3 cm). The product was eluted with CH 2 CI 2 /CH 3 CN, Prcparation of tmlls-ICIRu(dpPlllh=C=C=C(SMe)C 4 H 7 J+ SbF 6 -(3b): To a suspension of 172 mg (0.18mmol) of \ a nd 204mg (0.79 mmol) of NaSbF 6 in 40 mL of CH z CI 2 , excess butadiyne (ca. 600 ilL) was added by syringe. After the colour of the suspension had changed to green, 120 ~IL (1.09 mmol) of MeSC3H 5 wa s added by syringe. The solution was stirred at room temperature for 17 h, filtered through a cannula, and the solvent was removed in vacuo. The crude product was di ssolved in the minimum volume of CH 2 Ci z and this solution was slowly added to 30 mL of vigorously stirred hexanes. After stirring for 20 min , the solven t was removed by filter cannula and the green precipitate was washed with a further 20 mL of hexanes and dried in vacuo; yield 188 mg (89%). 
